Lyapunov exponent method is one of the best tools for investigating the range of stability and the transient behavior of the dynamical systems. In beryllium-moderated and heavy water-moderated reactors, photo-neutron plays an important role in dynamic behavior of the reactor. Therefore, stability analysis for changes in the control parameters of the reactor in order to guarantee safety and control nuclear reactor is important. In this work, the range of stability has been investigated using Lyapunov exponent method in response to step, ramp and sinusoidal external reactivities regarding six groups of delayed neutrons plus nine groups of photo-neutrons. The qualitative results are in good agreement with quantitative results of other works.
Introduction
In beryllium-moderated and heavy-water-moderated reactors, photo-neutrons play a direct role in reactor kinetics [1, 2] . Photo-neutrons are produced outside the fuel by both prompt and delayed gamma rays in two ways [1, 2] . The first way is by gamma reactions   , n  which usually have high threshold energies (for Be 1.66MeV, for 2 D O , 2.2MeV). The second way is by photo-fission reactions   , f  , taking place in heavy isotopes [1, 3, 4] . Distributions of these delayed photoneutrons will change, only slightly, the total of fraction delayed neutrons [5] . Some of these photo-neutrons are due to very long-lived fission fragment decays, compared with delayed neutrons. Therefore, the photoneutron periods are generally much longer than the delayed neutron periods [1, 2] . Regarding decay constants of photo-neutron precursors and delayed neutron precursors, they can be classified into 15 groups [6] . In such systems, density of neutrons, delayed neutron precursor and photo-neutron precursor concentration are the most important parameters which are to be studied in connection with safety and the transient behavior of the reactor power [7] . These parameters are affected by reactivity. Therefore, reactor stability directly is affected by reactivity [8, 9] . There are several methods for stability analysis of nuclear reactor having been studied before [3, 10, 11] , such as Bode, Nyquist, Routh Hurwitz and Lyapunov second method [3, 12, 13] . Fu [9] , Chen [14] , Ergen [15] and etc studied stability analysis using Lyapunov second method. Recently, Della et al. [13] has developed a theoretical model to study the stability of Ghana Research Reactor (GHARR-1) for a single group of delayed neutrons taking into consideration thermal hydraulics. Another important method for analyzing and diagnosing instability of nuclear reactors is the spectrum of Lyapunov exponents method, that is based on eigenvalues and eigenvectors of the Jacobian matrix [16] [17] [18] . The purpose of the research reported here is to introduce the Mean Lyapunov Exponent (MLE 1 ) approach on stability analysis of Neutron Point Kinetic (NPK 2 ) equations in nuclear reactors with six delayed neutron groups and nine photo-neutron groups in the presence of step, ramp and sinusoidal reactivities.
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Analysis Tools
Lyapunov exponents and entropy measures, on the other hand, can be considered "dynamic" measures of attractors complexity which are called "time average" [25] . Lyapunov exponent is useful for distinguishing various orbits. Three Lyapunov exponents quantify sensitivity of the system to initial conditions and give a measure of predictability. Lyapunov exponent is a measure of the rate at which the trajectories are separated one from another ( [26] , [27] ). A negative exponent implies that the orbits approach to a common fixed point. A zero exponent means that the orbits maintain their relative positions; they are on a stable attractor. Finally, a positive exponent implies that the orbits are on a chaotic attractor, so the presence of a positive Lyapunov exponent indicates chaos. Even though an m-dimensional system has m-Lyapunov exponents, in most applications it is sufficient to compute only the Lyapunov exponents.
Computation of Lyapunov Exponents
Lyapunov exponents are defined as follows: Consider two nearest neighboring points (usually the nearest) in phase space at time 0 and t, with distances of the points in the i -th direction   
In the chaotic region, this demonstrates neighboring points with infinitesimal differences at the initial state suddenly separated from each other in the i-th direction [25] . On the other hand, even if the initial states are nearby, the final states are very different. Hence this phenomenon is sometimes named sensitive dependence on initial conditions [25] . Commonly, Lyapunov exponents ( ) i  can be extracted by observed signals in the following different methods [28] :  Based on the opinion of following the time-evolution of nearby points in the state space.  Based on the estimation of local Jacobi matrices. The first method is usually called Wolf algorithm [29] and it provides an estimation of the largest Lyapunov exponent only. The second method is capable of estimating all the Lyapunov exponents. Using one of these methods, the Lyapunov exponent is calculated rather than a given control parameter. So, there is a little increase in the value of control parameter and the Lyapunov exponent is calculated for the new control parameter. By continuing this method the Lyapunov exponent spectrum of the point reactor kinetics is plotted versus the control parameter.
Results and Discussion
MLE method is applied to the stability analysis of NPK equations with delayed neutrons and photo-neutrons in the presence of step, ramp and sinusoidal reactivities. In this work   
Effective coefficients of delayed neutrons and photo- D O , respectively. The data used in the study are reported in table 1 [1, 4] . In the following, each reactivity will be discussed further in one subsection. MLEs are in the range of negative. So, the system of behavior is stable in response to a negative step reactivity in duration of 20 seconds, and density of neutron has decreased exponentially. Here, with increasing l , MLE increases, and exponential decay of the neutron density decreases. These conclusions are corroborated by the results in control will be problematic. Increasing neutron density in table 4 [1] refers to this subject. Neutron density behavior in response to a ramp reactivity is considered in the duration of 10s. According to figure 3, MLE with respect to ramp rate reactivity will be increased for reactors with Be -moderator with increasing r . For short time intervals, boundary stability in 10s is equal to: 0.00075365 r  , that is, for 0.00075365 r  , neutron density will be increased exponentially, so the system is unstable. 0.00075477 r 
Step reactivity
. For each type of reactivity, the range of stability and MLE with respect to control parameters in short time intervals are variable, but in long time, they tend towards a constant value.
Sinusoidal reactivity
In this case the reactivity of the system will be applied as follows [1] : respectively, behavior of the system is stable for 100s from the startup. Also, the system is unstable for 0.0045147 a  and 0.0053212 a  respectively in the same range of time mentioned above.  equations with six delayed neutron groups and nine photo-neutron groups. The influence of step, ramp and sinusoidal reactivities on stability and the neutron density are studied in short time scale and in long-term scale ( t   ) with MLE method with respect to control parameters. Qualitative results of stability confirm the quantitative results presented in tables 2, 3 and 4 [1] . MLE method is better than traditional stability analysis methods such as, Routh, Nyquist and second methods of Lyapunov, because in Routh and Nyquist methods, finding Laplace transform and poles of characteristic equation are problematic by increasing degrees of freedom systems. Also, in Lyapunov second methods, finding proper Lyapunov function is too hard when dimensions of phase space is being decreased.
Summary and Conclusion
